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INTRODUCTION 
I n  much of t h e  l i t e r a t u r e  on  coal d i s s o l u t i o n  i n  hydrogen donor  
sys tems t h e  e x t e n t  o f  t h e  hydrogena t ion  p r o c e s s e s  i s  a s s e s s e d  i n  
terms o f  e i t h e r  t h e  y i e l d  o f  l i q u i d  p r o d u c t  or t h e  c o n v e r s i o n  o f  
c o a l  t o  material  s o l u b l e  i n  a s p e c i f i e d  s o l v e n t ,  normal ly  a s o l v e n t  
i n e f f e c t i v e  f o r  c o a l .  However, such  approaches  can  n o t  d e s c r i b e  
fundamenta l  changes t h a t  occu r  Wi th in  t h e  c o a l  m a t e r i a l .  T o  d o  t h i s  
r e q u i r e s  an expe r imen ta l  approach  t h a t  a l l o w s  c o a l  c o n v e r s i o n  t o  be 
d i s c u s s e d  i n  t e r m s  of t h e  chemlca l  changes  t h a t  o c c u r  w i t h i n  t h e  c o a l .  
T h i s ,  i n  t u r n ,  r e q u i r e s  a d i r e c t  method of  d e t e r m i n i n g  t h e  s t r u c t u r a l  
f e a t u r e s  i n  c o a l .  
I n  a n o t h e r  paper  p r e s e n t e d  a t  t h i s  Congress (1) w e  d e s c r i b e d  t h e  u s e  
o f  t h e  a c i d - c a t a l y s e d  r e a c t i o n  of  c o a l  w i t h  pheno l  t o  s t u d y  t h e  
s t r u c t u r e  of  an  A u s t r a l i a n  brown c o a l  from Morwell ,  V i c t o r i a .  The 
coal w a s  s o l u b i l i z e d  by r e a c t i n g  it w i t h  pheno l  and t h e n  s e p a r a t e d  
i n t o  f o u r  f r a c t i o n s ,  t h e  f i r s t  r i c h  i n  a l i p h a t i c s ,  t h e  second r i c h  i n  
s imple  a r o m a t i c s ,  t h e  t h i r d  r i c h  i n  d i - a r o m a t i c s  and p o l a r  g r o u p s ,  
and t h e  f o u r t h  r i c h  i n  po lya romat i c s .  
I f  t h e s e  f r a c t i o n s  a r e  r ega rded  as  models o f  s t r u c t u r a l  t y p e s  w i t h i n  
t h e  coal,  then  r e a c t i n g  each  f r a c t i o n  s e p a r a t e l y  a l l o w s  t h e  r o l e  
p l ayed  by d i f f e r e n t  chemica l  s t r u c t u r e s  d u r i n g  t h e  hydrogena t ion  
p r o c e s s  t o  be examined. The e f f e c t  t h a t  chemica l  t y p e  has  on  t h e  
c o a l  hydrogenat ion  r e a c t i o n  may t h e n  be s t u d i e d  d i r e c t l y  and ,  i n  
a d d i t i o n ,  t h e  h y d r o g e m t i o n  p r o c e s s  may be r e p r e s e n t e d  by a compos i t e  
p r o c e s s  made up from t h e  i n d i v i d u a l  r e a c t i o n s  o f  t h e  d i f f e r e n t  
f r a c t i o n s .  
The work now to  be r e p o r t e d  t e s t e d  t h i s  h y p o t h e s i s  by r e a c t i n g  such  
f r a c t i o n s  i n d i v i d u a l l y  w i t h  t e t r a l i n ,  w i t h o u t  any a d d i t i o n s  o f  
c a t a l y s t  or gaseous  hydrogen. The u n t r e a t e d  whole c o a l  w a s  a l s o  
r e a c t e d  to  t e s t  whether  pheno l ,  p r e s e n t  i n  t h e  c o a l  f r a c t i o n s  as a 
r e s u l t  o f  t h e  f r a c t i o n a t i o n  p rocedure ,  w a s  hav ing  any s i g n i f i c a n t  
e f f e c t  on t h e  r e a c t i o n  w i t h  t h e  f r a c t i o n s .  

EXPERIMENTAL 

Exper imenta l  p rocedure  
Morwell brown c o a l  w a s  s o l u b i l i z e d  by r e a c t i n g  w i t h  pheno l ,  i n  t h e  
p r e s e n c e  of pa ra  t o l u e n e  s u l f o n i c  a c i d  a t  183Oc and t h e  r e a c t i o n  
p r o d u c t  was then  s e p a r a t e d  i n t o  f o u r  f r a c t i o n s .  The s t r u c t u r a l  
c h a r a c t e r i s t i c s  of  the f o u r  f r a c t i o n s ,  as  d e s c r i b e d  i n  ou r  o t h e r  
pape r  ( l ) ,  a r e  summarized i n  Tab le  1. AS t h e s e  c h a r a c t e r i s t i c s  a r e  
i n f l u e n c e d  t o  some e x t e n t  by t h e  p r e s e n c e  o f  c h e m i c a l l y  combined 
pheno l ,  t h e  c o n t e n t  o f  t h i s  i n  e a c h  f r a c t i o n ,  as e s t i m a t e d  i n  t h e  
p r e s e n t  work and conf i rmed by r e f e r e n c e  t o  t h e  l i t e r a t u r e  ( 2 , 3 )  i s  
a l s o  no ted  i n  Tab le  1. 
Approximately 39 samples  o f  t h e  c o a l  f r a c t i o n s  and o f  t h e  whole  c o a l  
were t h e n  r e a c t e d  s e p a r a t e l y  w i t h  2 5  - 30 'ml  o f  t e t r a l i n  a t  45Ooc i n  
a t y p e  316 s t a i n l e s s  s tee l ,  s e a l e d  reactor, 13  cm h igh  by 2 c m  
d i a m e t e r .  The reactor w a s  h e a t e d  by p lung ing  i t  i n t o  a p r e h e a t e d  
f l u i d i z e d  sand b a t h ;  a f t e r  4 h o u r s  it w a s  removed and quenched 
r a p i d l y .  
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Table 1: S t r u c t u r a l  C h a r a c t e r i s t i c s  o f  Coal F r a c t i o n s  
S e p a r a t e d  from S o l u b i l i z e d  Brown Coal (1) 

L I Z  F r a c t i o n  

A 
l i q u i d  

o l u b l e  i n  

B 
l i q u i d  

n s o l u b l e  i n  
e n t a n e  b u t  
o l u b l e  i n  
enzene  

C 
p i t c h  i n s o l -  

b l e  i n  benzene  
u t  s o l u b l e  i n  
enzene/e t h a n o l  
zeo t rope  

D 
s o l i d  i n s o l -  

b l e  i n  e t h a n o l ,  
enzene  azeo-  

%ass % 
Phenol  

50  

5 0  

25 

10 

S t r u c t u r a l  C h a r a c t e r i s t i c s  

Mostly a l i p h a t i c  m a t e r i a l  w i t h  s o m e  mono- 
a r o m a t i c  p a r t s  broken  o f f  t h e  c o a l  by 
C-C c l e a v a g e .  Apar t  from combined-phenol 
it h a s  n e g l i g i b l e  p o l a r  m a t e r i a l .  I t  
c o n t a i n s  some f r e e  p a r a f f i n i c  m a t e r i a l ,  
b u t  e x i s t s  mos t ly  as a l k y l  pheno l s  and 
a l k y l - a r y l  e t h e r s  

A m i x t u r e  of  a l k y l  s i d e  c h a i n s  and arom- 
a t i c  f r agmen t s ,  p redominant ly  d i - a romat i c .  
I t  e x i s t s  e i t h e r  as a l k y l  p h e n o l s  o r  a s  
a r o m a t i c  f r agmen t s  a t t a c h e d  t o  phenol  by 
methylene  b r i d g e s .  I t  a lso c o n t a i n s  o t h e  I oxygen f u n c t i o n a l  groups  

C o n s i s t s  almost e n t i r e l y  o f  a r o m a t i c  
f r agmen t s  a t t a c h e d  t o  phenol  by methylene  
b r i d g e s .  These f ragments  are l a r g e r  t han  
i n  f r a c t i o n  B a s  t h e y  c o n t a i n  po lya romat i  
g roups .  I t  h a s  more oxygen f u n c t i o n a l  
g roups  t h a n  E. 

Predominant ly  d i a r o m a t i c  and p o l y n u c l e a r  
pe rhaps  combined through n a p h t h e n i c  
b r i d g e s ,  w i t h  n e g l i g i b l e  a l i p h a t i c  
con t e n t  

The t empera tu re  o f  t h e  r e a c t i o n  mix was measured by a s t a i n l e s s  s teel-  
shea thed  thermocouple  i n s e r t e d  through t h e  r e a c t o r  cap .  Heat ing  up 
and c o o l i n g  down t i m e s  w e r e  s m a l l  compared w i t h  t h e  t o t a l  r e a c t i o n  
t i m e .  I n  a l l  c a s e s  t h e  f r e e  s p a c e  i n  t h e  r e a c t o r  was f l u s h e d  wi th  
n i t r o g e n  b e f o r e  s e a l i n g ,  and t h e  r e a c t i o n  proceeded  unde r  a sma l l  
i n i t i a l  n i t r o g e n  p r e s s u r e .  
A f t e r  r e a c t i o n ,  a n y  s o l i d  r e s i d u e  w a s  f i l t e r e d  o f f  and t h e  l i q u i d  
p r o d u c t  w a s  s e p a r a t e d  by d i s t i l l a t i o n  i n t o  a bot toms p r o d u c t  and a 
d i s t i l l a t e  t h a t  i n c l u d e d  u n r e a c t e d  t e t r a l i n  and low-bo i l ing  p roduc t s  
from both  t h e  c o a l  and t h e  t e t r a l i n .  As t e t r a l i n  b r e a k s  down under 
d i s s o l u t i o n  c o n d i t i o n s  t o  form mainly  t h e  t e t r a l i n  i somer  1-methyl 
i n d a n ,  naph tha lene  and a l k y l  benzenes  ( 4 )  i t  w a s  assumed t h a t  no 
compound w i t h  a h i g h e r  b o i l i n g  p o i n t  t han  n a p h t h a l e n e  w a s  formed 

f o r e  con t inued  u n t i l  n a p h t h a l e n e  s topped  sub l iming .  Some r e s i d u a l  
naph tha lene  remained  i n  t h e  bottoms p r o d u c t ;  i t s  mass, a s  de termined  , 
from nmr and e l e m e n t a l  a n a l y s i s ,  was s u b t r a c t e d  from t h e  mass Of 

r ecove red .  I t  w a s  assumed t h a t  a l l  naph tha lene  p r e s e n t  came from 
t h e  t e t r a l i n ,  n o t  t h e  coal.  However, as t h e  amount of t e t r a l i n  

r e a s o n a b l e .  

h e r e  c a l l e d  s o l v e n t - r a n g e  m a t e r i a l ,  f o l l o w i n g  t h e  t e rmino logy  used 
by Whi t ehur s t  e t  a1 ( 5 ) .  I t s  mass was e s t i m a t e d  by mass b a l a n c e  
o v e r  t h e  m a t e r i a l  r ecove red  from t h e  r e a c t i o n  a s  it c o u l d  n o t  be 

from t h e  s o l v e n t ,  and t h e  d i s t i l l a t i o n  t o  r e c o v e r  s o l v e n t  was there- ‘Y 

bot toms p r o d u c t  r e c o v e r e d  and inc luded  i n  t h e  amount of d i s t i l l a t e  1 

r e a c t e d  was 10 t i m g  t h e  amount o f  c o a l  t h i s  assumpt ion  a p p e a r s  ! 
i 

M a t e r i a l  formed f rom t h e  c o a l  which a p p e a r s  i n  t h e  d i s t i l l a t e  is  t 
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s e p a r a t e d  from t h e  l a r g e  e x c e s s  o f  t e t r a l i n  a n d ’ t e t r a l i n  breakdown 
p r o d u c t s  a l s o  con ta ined  i n  t h e  d i s t i l l a t e .  Th i s  p rocedure  i n c l u d e s  
w i t h  t h e  mass o f  so lven t - r ange  ma te r i a l  any  g a s e s  and w a t e r  formed 
i n  t h e  r e a c t i o n .  

A n a l y s i s  t echn iques  
The c o n t e n t s  of t h e  major breakdown p r o d u c t s  of t e t r a l i n  ( n a p h t h a l -  
e n e  and 1-methyl i ndan)  p r e s e n t  i n  t h e  d i s t i l l a t e  were d e t e r m i n e d  by 
g a s - l i q u i d  chromatography us ing  a H e w l e t t  Packard  S e r i e s  5750 
Research  Chromatograph w i t h  a 62m x 0.5mm d i a m e t e r  g l a s s  c a p i l l a r y  
SCOT column coa ted  w i t h  non-polar  SE 30 l i q u i d  phase  ( s e e  Ref ( 4 )  for 
d e t a i l s ) .  
I n f r a r e d  s p e c t r a  of t h e  o r i g i n a l  coal ,  t h e  o r i g i n a l  c o a l  f r a c t i o n s ,  
and a l l  bottoms p roduc t  and  r e s i d u e s  d e r i v e d  from them w e r e  measured 
on a P e r k i n  Elmer 457 G r a t i n g  I n f r a r e d  Spec t ropho tomete r .  L i q u i d  
samples  w e r e  ana lysed  a s  a t h i n  f i l m  or  smear. S o l i d  samples  were 
p r e p a r e d  a s  a KBr d i s c  c o n t a i n i n g  approx ima te ly  0 . 3 %  by w e i g h t  s ample .  
The d i s c  w a s  p repa red  by g r i n d i n g  t h e  K B r  m i x t u r e  f o r  2 m i n u t e s  i n  
a t u n g s t e n  c a r b i d e  TEMA g r i n d i n g  b a r r e l ,  d r y i n g  f o r  24 h i n  a vacuum 
d e s i c c a t o r  over  phosphorus p e n t o x i d e ,  t h e n  p r e s s i n g  i n t o  a disc a t  
1 0  t o n s  f o r c e ,  a t  room t e m p e r a t u r e ,  b u t  unde r  vacuum. 
P ro ton  nmr s p e c t r a  o f  f r a c t i o n s  A,B and  C and a l l  bot toms p r o d u c t s  
w e r e  r e c o r d e d  on a Var i an  HA lOOnmr s p e c t r o m e t e r  u s i n g  a s o l u t i o n  
of t h e  sample d i s s o l v e d  i n  py r id ine -dg .  S p e c t r a  w e r e  run  a t  room 
t e m p e r a t u r e  w i t h  t e t r a  methyl  s i l a n e  (TMS) as  a n  i n t e r n a l  s t a n d a r d ,  
w i t h  a sweep width of 0 t o  1 0 0 0  c p s  from TMS. F r a c t i o n  D and  the 
whole c o a l  were o n l y  p a r t l y  s o l u b l e  i n  p y r i d i n e  and it was t h e r e f o r e  
n o t  p o s s i b l e  t o  g e t  r e p r e s e n t a t i v e  s p e c t r a  f rom them. 
Carbon, hydron and oxygen c o n t e n t s  o f  t h e  o r i g i n a l  c o a l ,  o r i g i n a l  
f r a c t i o n s ,  bottoms and r e s i d u e s  w e r e  de t e rmined  m i c r o a n a l y t i c a l l y  
by t h e  CSIRO M i c r o a n a l y t i c a l  S e r v i c e .  Ash c o n t e n t s  of  samples  w e r e  
de t e rmined  i n  a S t a n d a r d  a s h i n g  oven ( 6 ) .  P h e n o l i c  and c a r b o x y l i c  
oxyrJens w e r e  measured by t h e  S t a t e  E l e c t r i c i t y  Commission, u s i n g  
t e c h n i q u e s  deve loped  by them f o r  brown c o a l s  ( 7 ) .  

Canposite 

d 1 0 0 4  
dry 
Cwl 

88 
38 

74 

200 

RESULTS 
Recovery of c o a l  m a t e r i a l  from t h e  r e a c t i o n  w i t h  t e t r a l i n  
The y i e l d s  of t h e  d i f f e r e n t  p r o d u c t s  from t h e  r e a c t i o n s  of  t h e  
v a r i o u s  f r a c t i o n s  w i t h  t e t r a l i n  a r e  summarized i n  Tab le  2 .  

Whole 
Coa l  

9/1009 
dry 
coal 

46 
40 

14 

100 

C L! 
o n e n t  

mttcms 

residue 

jolvent 
range 

\total 

% of g/lOOg % of g/lOOg % of g/ldOg % of g/lOOg 
frac- dry frac- dry frac- dry frac- dry 
t ion coal tion coal t ion  coal t ion  coal 

47 13 56 37 37 29 30 9 
0 0 0 0  21 21 6 1  17 

53 15 44 29 36 28 9 2  

L O O  28 100 66 100 78 100 28 
lfractiod I I I 

Table 2: Yields of original coal fractions and their products of 
reaction with t e t r a l in ,  g/lOOg or ig ina l  dry coal. 
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These  y i e l d s  a r e  a l s o  g iven  on t h e  b a s i s  o f  100  g of  o r i g i n a l  d r y  
c o a l  b e f o r e  f r a c t i o n a t i o n .  The bot tom l i n e  o f  t h e  t a b l e  shows the 
m a s s  of e a c h  f r a c t i o n  o b t a i n e d  from 1 0 0  g of  d r y  c o a l .  The masses  
i n c l u d e  chemica l ly  combined pheno l  and r e s i d u a l  s o l v e n t  a s s o c i a t e d  
w i t h  t h e  f r a c t i o n  as a r e s u l t  of t h e  c o a l  p r e p a r a t i o n  and f r a c t i o n -  
a t i o n  scheme. (For  e v e r y  lOOg o f  o r i g i n a l  d r y  c o a l  a n  a d d i t i o n a l  
lOOg of e x t r a n e o u s  m a t e r i a l  was p r e s e n t .  E lementa l  b a l a n c e s  and 
o t h e r  e v i d e n c e  showed t h a t  a b o u t  70g of  this w a s  pheno l  and t h e  
r ema inde r  w a s  e x c e s s  s o l v e n t  (benzene )  n e v e r  s e p a r a t e d  from t h e  
o r i g i n a l  f r a c t i o n s ) .  Note t h a t  w i t h  f r a c t i o n s  A and B no sol id  
r e s i d u e  w a s  o b t a i n e d .  
The amount o f  r e s i d u e  r ecove red  from t h e  o t h e r  t w o  f r a c t i o n s  is 
a l m o s t  t h e  same as t h a t  r ecove red  from t h e  whole-coal r e a c t i o n ,  
s u g g e s t i n g  t h a t  t h e  combined pheno l  and r e s i d u a l  s o l v e n t  end up  
comple t e ly  i n  t h e  bo t toms  p r o d u c t  and  s o l v e n t - r a n g e  p r o d u c t .  

Composition of t h e  coal p r o d u c t s  
T a b l e  3 shows e l e m e n t a l  compos i t ions  o f  t h e  o r i g i n a l  c o a l  f r a c t i o n s ,  
the  s o l i d  r e s i d u e s  and t h e  bot toms p r o d u c t s ,  t o g e t h e r  w i t h  t h e  
p o r t i o n s  of  t h e  t o t a l  oxygen p r e s e n t  as p h e n o l i c  and c a r b o x y l i c  
g roups .  Because o f  d i l u t i o n  w i t h  combined phenol  and benzene s o l v e n t  
t h e  composi te  a n a l y s i s  of t h e  or ig ina l  f r a c t i o n s  h a s  h i g h e r  carbon 
and  lower oxygen c o n t e n t s  t h a n  t h e  o r i g i n a l  whole c o a l  ( n o t e  a l s o  t h e  
h i g h e r  p h e n o l i c  oxygen c o n t e n t ) .  
A s  expec ted ,  bo th  t h e  bot toms p r o d u c t s  and t h e  r e s i d u e s ,  where formed, 
have  s u b s t a n t i a l l y  h i g h e r  ca rbon  and  lower  oxygen c o n t e n t s  t h a n  the 
o r i g i n a l  f r a c t i o n s ,  b u t  whereas i n  t h e  bot toms p r o d u c t s  t h e  hydrogen 
c o n t e n t s  have  i n c r e a s e d  i n  t h e  r e s i d u e s  t h e y  a r e  reduced .  The 
bot toms p r o d u c t s ,  i n c l u d i n g  t h a t  from t h e  whole c o a l ,  a r e  remarkably  
s i m i l a r  i n  compos i t ion  t o  each  o t h e r .  L ikewise  t h e  r e s i d u e s  a r e  
s i m i l a r  i n  compos i t ion  t o  each  o t h e r .  
F i g u r e  1 shows r e p r e s e n t a t i v e  i n f r a r e d  s p e c t r a  f o r  t h e  f r a c t i o n s  
b e f o r e  r e a c t i o n  and f o r  bottoms p r o d u c t s  and r e s i d u e s .  Although 
t h e r e  w e r e  c o n s i d e r a b l e  d i f f e r e n c e s  i n  t h e  s p e c t r a  of  t h e  f o u r  
o r i g i n a l  f r a c t i o n s  t h e  s p e c t r a  o b t a i n e d  f o r  t h e i r  bottoms p r o d u c t s  
w e r e  q u i t e  s i m i l a r .  The s p e c t r a  show t h a t  s i g n i f i c a n t  amounts of 
a l i p h a t i c  m a t e r i a l  (2850 and 2920 c m - l )  i s  p r e s e n t  i n  t h e  bot toms.  
An a r o m a t i c  c o n t e n t  is  i n d i c a t e d  by t h e  a r o m a t i c  C-H s t r e t c h i n g  
v i b r a t i o n  a t  3030 c m - l ,  b u t  t h i s  i s  due  i n  p a r t ,  a t  l e a s t ,  t o  r e s i d u a l  
n a p h t h a l e n e  and t o  pheno l  combined w i t h  t h e  o r i g i n a l  f r a c t i o n .  
Absorp t ion  a t  3 4 0 0  c m - l  (due t o  hydrogen bonded O H ) ,  p r e s e n t  i n  b o t h  
t h e  c o a l  f r a c t i o n s  and  t h e  c o a l  b e f o r e  r e a c t i o n ,  h a s  a lmos t  d i sap -  
pea red  i n  t h e  p r o d u c t s  from t h e  c o a l  f r a c t i o n s .  The a b s o r p t i o n  d o e s  
s t i l l  o c c u r  i n  t h e  bot toms p r o d u c t  from t h e  whole c o a l ,  a l t h o u g h  i t  
is g r e a t l y  reduced .  
The s p e c t r a  show t h a t  c a r b o n y l  g r o u p s  ( a b s o r p t i o n  a t  1 7 0 0 - ~ r n - ~ )  and 
the broad  a b s o r p t i o n  i n  t h e  recjion 1000 - 1200 cm-1 due  t o  oxygen 
f u n c t i o n a l  g roups ,  b o t h  normal ly  p r e s e n t  i n  coal, have been 
d e s t r o y e d ,  i n d i c a t i n g ,  as would be  e x p e c t e d ,  t h a t  f u n c t i o n a l - g r o u p s  
are d e s t r o y e d  d u r i n g  t h e  r e a c t i o n .  The a b s e n c e  o f  a l a r g e  hydrogen- 
bonded OH peak a t  3 4 0 0  c m - 1  i n d i c a t e s  t h a t  t h e  remain ing  oxygen 
a b s o r p t i o n  a t  1250 c m - I  i s  n o t  due  to  phenol .  
may be due  t o  e t h e r  a b s o r p t i o n ,  b u t  t h i s  a s s ignmen t  is by n o  means 
c e r t a i n ,  as norma l ly  e t h e r  a b s o r p t i o n  i n  t h i s  r e g i o n  i s  broad  whereas 
t h e  s p e c t r a  show s h a r p  a b s o r p t i o n .  
A l i p h a t i c  m a t e r i a l  still remains  i n  t h e  r e s i d u e  from t h e  whole c o a l ,  
b u t  i s  v i r t u a l l y  e l i m i n a t e d  e l i m i n a t e d  i n  t h e  r e s i d u e  from f r a c t i o n  
C. The a b s o r p t i o n  a t  1170 c m - l  i n  t h e  s p e c t r a  of b o t h  r e s i d u e s  may 
b e  due t o  benzofu ran  t y p e  s t r u c t u r e s  (8), b u t  i t  i s  f e l t  t h a t  t h e  
s t r o n g  a b s o r p t i o n  i n  t h e  r e g i o n  1000-1200 c m - 1  may have been  enhanced 
by t h e  p r e s e n c e  o f  s i l i c a ,  a major component of t h e  a s h  c o n t e n t  i n  
t h i s  c o a l .  

T h i s  a b s o r p t i o n  
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o r i g i n a l  
f r a c t i o n  

C 
n 
0 p h e n o l i c  
0 c a r b o l i c  
0 t o t a l  
a s h  
unaccounte  

r e s i d u e  
C 
n 
0 
a s h  
unaccounte  

b o t  toms 

C 
H 
0 

f r a c t i o n  

C 

6 9  
5 

7 
5 

2 1  
2 
3 

89 
4 
3 

N.D. 
N.D. 

8 6  
7 
7 

D 

7 1  
4 

11 
4 

18 
3 
4 

8 6  
4 
3 
7 
0 

83 
7 

10 

~ 

CQnposite 

7 2  
5 

8 
4 

1 8  
2 
3 

8 8  
4 
3 

N.D. 
N.D. 

8 5  
7 
8 

Whole 

Coal 

6 3  
5 

5 
5 

2 5  
4 
3 

8 5  
4 
5 
8 

- 2  

8 5  
8 
7 

Tab le  3 :  Composition of t h e  f r a c t i o n s  and t h e i r  r e a c t i o n  p r o d u c t s ,  
mass %. N.D. means n o t  de t e rmined  ( i n  t h e  case o f  t h e  
r e s i d u e  from f r a c t i o n  C i n s u f f i c i e n t  sample was a v a i l a b l e  
f o r  a n  a s h  d e t e r m i n a t i o n ) .  Note t h a t  t h e  method f o r  
backing  o u t  naph tha lene  from t h e  bot toms i n v o l v e s  normal- 
i z i n g  t h e  composi t ion  t o  C + H + 0 = 100%. 
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Table  4 shows t h e  p r o t o n  r a t i o s  o b t a i n e d  from t h e  nmr s p e c t r a  on t h e  
o r i g i n a l  f r a c t i o n s  A ,  B and C and a l l  t h e  bot toms p roduc t s .  The 
p r o t o n  r a t i o s  f o r  t h e  bottoms p r o d u c t s  have  been a d j u s t e d  t o  e l i m i n -  
a t e  a b s o r p t i o n s  due t o  r e s i d u a l  naph tha lene .  Note t h a t  t h e  o r i g i n a l  
f r a c t i o n s  c o n t a i n e d  hydrogen p r e s e n t  from combined pheno l .  Most of 
t h i s  hydrogen a p p e a r s  as  monoaromatic hydrogen ,  b u t  when t h e  phenol 
-OH i s  s t i l l  i n t a c t ,  one pro ton  w i l l  appea r  a s  OH hydrogen. 

ratio of proton! 
present i n  var- 
ious forms to 
total p r o t o m , %  

IH hydrogen 

liarmatic 
rpnOarcaMtic 

i lef inic  
Ethylene bridge 
imetkire and 
Ethylene 

p methylene 

y aliphatic 

mlyararratic 

ccmethyl 

B mthyl  

A 

or ig  bttm 
frac- 
tion 

7 0 
0 0 
6 0 

63  46 
1 0 
4 5 

15 
: 3  

8 
3 10 

13 1 2  
0 4 

2.8 0.9 

B 

fraction 

C 

or ig  bottoms 
frac- 
t ion 

1 7  0 
0 0 

1 0  0 
58 54 

0 0 
9 4 
0 17 

1 8 
1 13 
4 5 
0 0 

4.5 1 . 2  

o r ig  bot- 
frac- 
t ion  

19 0 
6 0 
8 0 

44 42 
0 0 

17 1 
0 21 

4 11 
0 1 4  
1 10 
0 0 

2.7 0.7 

D 

0 
0 
0 

43 
0 
1 

2 1  

11 
16 
7 
0 

0.8 

0 
0 
0 

48 
0 
3 

18 

9 
13 
8 
1 - 

h o l e  
bl 

0 
0 
0 

33 
0 
0 

24 

8 
20 
12 

4 

0.9 I 0.5 

Table 4: Distribution of protons by type and overall  aromatic/aliphatic proton 
ra t ios  f o r  the original fractions and bottans products, as determined 
by proton nmr. 

The nmr a n a l y s e s  of t h e  bottoms p r o d u c t s  g i v e n  i n  Tab le  4 show t h e  
m a t e r i a l  t o  have  a l a r g e  a l i p h a t i c  c o n t e n t .  The a r o m a t i c / a l i p h a t i c  
r a t i o s  of t h e  f r a c t i o n s  a r e  h i g h e r  t h a n  f o r  t h e  whole c o a l  because  
o f  t h e  p r e s e n c e  o f  combined phenol  and u n s e p a r a t e d  benzene s o l v e n t ;  
r e a c t i o n  w i t h  t e r a l i n  r educes  t h e s e  r a t io s  c o n s i d e r a b l y ,  presumably 
by t r a n s f e r  of much of  t h i s  mater ia l  t o  t h e  s o l v e n t - r a n g e  p r o d u c t ,  
b u t  some of i t  m u s t  remain i n  t h e  bottoms as t h e  a r o m a t i c / a l i p h a t i c  
r a t io  of t h e  composi te  bottoms p roduc t  f rom t h e  f r a c t i o n s  i s  h i g h e r  
t h a n  t h a t  from t h e  whole c o a l .  I t  w a s  n o t  p o s s i b l e  t o  c a l c u l a t e  t h e  
c o n t r i b u t i o n  t h a t  t h e  d i l u e n t s ,  e x c e s s  s o l v e n t  and  combined pheno l ,  
made t o  t h e  a r o m a t i c  H ,  bu t  t h e  l a r g e  monoaromatic c o n t e n t  of  t h e  
bottoms p r o d u c t  must be due, i n  p a r t ,  t o  t h e s e .  
The r emarkab le  f e a t u r e  i n  Tab le  4 i s  t h a t  a f t e r  t h e  s p e c t r a  a re  
a d j u s t e d  f o r  n a p h t h a l e n e ,  none of t h e  bot toms p r o d u c t s  show t h e  
d i a r o m a t i c  O r  po lya romat i c  material  which w e r e  p r e s e n t  i n  t h e  o r i g i n a l  
m a t e r i a l s .  In  t h e  case of f r a c t i o n s  C and  D one  might e x p e c t  t h i s  
m a t e r i a l  t o  end up i n  t h e  s o l i d  r e s i d u e ,  b u t  i n  t h e  r e a c t i o n s  of 
f r a c t i o n  A and e s p e c i a l l y  w i t h  f r a c t i o n  B ,  where a l a r g e  d i a r o m a t i c  
c o n t e n t  e x i s t e d  b e f o r e  r e a c t i o n ,  n o  r e s i d u e  w a s  formed; t h u s  sugges t -  
i n g  t h a t  a r o m a t i c  r i n g s  must b e  broken  d u r i n g  t h e  r e a c t i o n .  In  
a d d i t i o n ,  none o f  t h e  OH hydrogen p r e s e n t  i n  t h e  o r i g i n a l  c o a l  
f r a c t i o n s  a p p e a r s  i n  t h e  bottoms p r o d u c t .  
The s o l v e n t - r a n g e  p roduc t  w a s  no t  s e p a r a t e l y  a n a l y s e d  a s  it was n o t  
a b l e  t o  b e  s e p a r a t e d  from t h e  r ecove red  s o l v e n t  i n  t h e  d i s t i l l a t e .  
However, GLC examina t ion  of t h e  d i s t i l l a t e  i n d i c a t e d  t h a t  t h e  
s o l v e n t - r a n g e  p r o d u c t  was d e r i v e d  main ly  from a l i p h a t i c  s i d e  c h a i n s  
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I 
/ 

F r a c t i o n  

w t %  naphtha- 
l e n e  i n  r ec -  
ove red  
s o l v e n t  

i n  t h e  c o a l  (9). Note t h a t  v i r t u a l l y  no s o l v e n t - r a n g e  p r o d u c t  was 
d e r i v e d  from f r a c t i o n  D. 
Naphthalene and 1-methyl indan  c o n t e n t s  i n  t h e  d i s t i l l a t e  w e r e  
measured by GLC i n  o r d e r  to c a l c u l a t e  t h e  amount o f  hydrogen  t r a n s -  
f e r r e d  t o  t h e  c o a l  m a t e r i a l  from t h e  s o l v e n t .  ~t is beyond t h e  
scope  of t h i s  pag r  t o  d i s c u s s  i n  d e t a i l  t h e  r e s u l t s  t h a t  were 
o b t a i n e d ,  bu t  it is  i n t e r e s t i n g  t o  compare t h e  n a p h t h a l e n e  c o n t e n t  
of t h e  s o l v e n t  r e c o v e r e d  from t h e  r e a c t i o n s  between t e t r a l i n  and t h e  
c o a l  f r a c t i o n s  w i t h  t h e  naph tha lene  c o n t e n t  of t h e  s o l v e n t  when 
t e t r a l i n  i s  h e a t e d  a l o n e  (Tab le  5 ) .  The l a r g e  i n c r e a s e  i n  naphtha-  
l e n e  c o n t e n t  when t e t r a l i n  i s  r e a c t e d  i n  t h e  p re sence  o f  c o a l  
material  can o n l y  be e x p l a i n e d  b y  a r e a c t i o n  mechanism i n v o l v i n g  
f r e e  r a d i c a l s .  

A B C Whole T e t r a l i n  h e a t e d  
D 1 Coal a l o n e  a t  45OoC 4h.* 

12.9 16 .9  23.8 17.1 11.1 4.3 

DISCUSSION 

The e f f e c t  of pheno l  
Three  t v p e s  o f  pheno l  compounds have been i d e n t i f i e d  i n  t h e  f r a c t i o n s  
d e r i v e d -  rrom t h e  p r o d u c t  of t h e  pheno la t ion  r e a c t i o n  (1,2) : a l k y l  
pheno l s  and a l k y l - a r y l  e t h e r s ,  bo th  formed by combining pheno l  w i th  
a l k y 1 , s i d e  c h a i n s  c l e a v e d  from t h e  c o a l  molecule ,  and compounds made 
up of a romat i c  f r agmen t s  a t t a c h e d  t o  phenol by a me thy lene  b r i d g e ,  
formed by c l e a v i n g  a r o m a t i c - a l i p h a t i c  l i n k a g e s  i n  t h e  coal  and 
exchanging  t h e  a r o m a t i c  s t r u c t u r e s  wi th  phenol .  For t h e  hydrogenat ion  
of  c o a l  f r a c t i o n s  s e p a r a t e d  f r o m  t h e  pheno la t ed  p roduc t  t o  s i m u l a t e  
t h e  hydrogenat ion  of t h e  whole c o a l  t h e  removal of  c o a l  f r agmen t s  
from t h e  c o a l  mo lecu le  d u r i n g  t h e  pheno la t ion  r e a c t i o n  must  i n v o l v e  
s imi l a r  C-C c l e a v a g e  p r o c e s s e s  a s  would occur  by t h e  t h e r m a l  break-  
down of c o a l  d u r i n g  a hydrogenat ion  r e a c t i o n .  For example ,  one 
would expec t  a l k y l  s i d e  c h a i n s  t o  be c l eaved  o f f  under  hydrogena t ion  
c o n d i t i o n s ,  i n  much t h e  same w a y  as has  been seen  t o  o m u r  i n  t h e  
p h e n o l a t i o n  r e a c t i o n .  Moreover o t h e r  workers  have shown t h a t  t h e  
molecu la r  w e i g h t s  of  c o a l  f r agmen t s . f rom t h e  p h e n o l a t i o n  r e a c t i o n  
are i n  t h e  r e g i o n  300 - 1 0 0 0  (3) which i s  t h e  same m o l e c u l a r  weight  
r ange  a s  for p r o d u c t s  from a c o a l  d i s s o l u t i o n  r e a c t i o n  (4). Thus, 
bo th  p r o c e s s e s ,  one  i n v o l v i n g  C-C c leavage  by p h e n o l a t i o n ,  t h e  o t h e r  
by the rma l  breakdown. produce  c o a l  f rayments  of t h e  same s i z e .  The 
hydrogenat ion  o f  t h e  coal f ragments  can  t h e r e f o r e  be  c o n s i d e r e d  t o  
s i m u l a t e  t h e  r e a c t i o n  o f  t h e  whole c o a l ,  p r o v i d i n g  a p p r o p r i a t e  
a l lowance  is made f o r  t h e  movement of  t h e  phenol  groups  themse lves .  

The n a t u r e  of  t h e  p r o d u c t s  
The composi t ion  of t h e  bottoms p roduc t s  from t h e  v a r i o u s  r e a c t i o n s  
w e r e  a l l  s i m i l a r ,  r e g a r d l e s s  o f  t h e  o r i g i n a l  m a t e r i a l .  E lementa l  
composi t ion  r anged  from 83.3% t o  86.4% carbon,  from 6.6% t o  7.2% 
hydrogen, and f rom 6.7% t o  1 0 . 1 %  oxygen. I n f z a r e d  and nmr a n a l y s i s  
show t h e  m a t e r i a l  t o  b e  l a r g e l y  a l i p h a t i c ,  w i t h  hydrogen bonding i n  
t h e  product  a l m o s t  d e s t r o y e d .  S i m i l a r l y , t h e  r e s i d u e  i n  a carbon- 
r i c h  m a t e r i a l  w i t h  v e r y  l i t t l e  oxygen w e r e  a l l  s i m i l a r .  I t s  
e l emen ta l  compos i t ion  ranged  from 86.1% t o  89.3% c a r b o n ,  3.8% t o  
4 . 2 %  hydrogen, and 2 . 6 %  t o  2.9% oxygen. The m a t e r i a l  i s  main ly  
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a r o m a t i c  w i t h  p e r h a p s  some benzofuran  t y p e  s t r u c t u r e s ,  s u g g e s t i n g  
t h a t  c o n d e n s a t i o n  r e a c t i o n s  may b e  invo lved  i n  i t s  f o r m a t i o n .  
Most i m p o r t a n t l y ,  a s o l i d  r e s i d u e  was shown t o  form o n l y  f rom 
f r a c t i o n s  C and  D. A s  f r a c t i o n  C was comple t e ly  s o l u b l e  i n  t e t r a -  
l i n  and t h e  reac tor  f e e d  b e f o r e  r e a c t i o n  was t h e r e f o r e  l i q u i d ,  t h e  
s o l i d  ma te r i a l  p r e s e n t  a f t e r  r e a c t i o n  was, i n  t h e  case o f  f r a c t i o n  
c a t  l eas t ,  n o t  p r e s e n t  i n ’  t h e  o r i g i n a l  coal and  must t h e r e f o r e  be 
a p r o d u c t  of t h e  r e a c t i o n .  
Al though w e  have  f o l l o w e d  t h e  u s u a l  nomencla ture  i n  c a l l i n g  t h i s  
s o l i d  a “ r e s i d u e “ ,  s u c h  nomencla ture  i s  m i s l e a d i n g  i n  terms o f  
r e a c t i o n  mechanism. Presumably s o m e  o f  t h e  “ r e s i d u e “  formed i n  t h e  
r e a c t i o n  o f  t h e  who le  coal i s  genuine  u n r e a c t e d  r e s i d u e  and  some i s  
a r e a c t i o n  p r o d u c t ,  and o n e  of  t h e  aims of l i q u e f a c t i o n  r e s e a r c h  
must be t o  l e a r n  how t o  minimize t h e  fo rma t ion  of s u c h  s o l i d  p r o d u c t s  
(10). 
The mechanism o f  coal d i s s o l u t i o n  
The c lass ic  view o f  t h e  mechanism f o r  t h e  r e a c t i o n  between coal and 
a hydrogen-donor s o l v e n t  i n v o l v e s  t h e  t h e r m a l  breakdown of the s i n g l e  
carbon-carbon bonds  w i t h i n  t h e  coal t o  produce  r e a c t i v e  f ragments  i n  
t h e  form o f  f r e e  rad ica ls  which are  t h e n  s t a b i l i z e d  by hydrogen 
t r a n s f e r r e d  f rom t h e  s o l v e n t  or e l sewhere  i n  t h e  coal.  I f  i n s u f f i c -  
i e n t  hydrogen i s  a v a i l a b l e  t h e  a r o m a t i c  f r agmen t s  c a n  po lymer i ze  
y i e l d i n g  c h a r s  o r  c o k e .  Another view of c o a l  d i s s o l u t i o n .  b u t  much 
less w i d e l y  h e l d ,  is t h a t  o i l  i s  produced f rom coal v i a  an a s p h a l t e n e  
i n t e r m e d i a t e  (11). 
A m o s t  s t r i k i n g  r e s u l t  from t h e  w o r k  d e s c r i b e d  above i s  t h a t  t h e  
compos i t ion  o f  t h e  bottoms p roduc t  from t h e  d i s s o l u t i o n  r e a c t i o n  d i d  
n o t  depend on t h e  chemica l  s t r u c t u r e  of t h e  o r i g i n a l  coal m a t e r i a l ;  
o n l y  t h e i r  r e l a t i v e  q u a n t i t i e s  d i f f e r e d .  T h i s  s u p p o r t s  t h e  view o f  
a f r e e - r a d i c a l  mechanism r a t h e r  t h a n  an a s p h a l t e n e - i n t e r m e d i a t e  
mechanism. The g r e a t l y  i n c r e a s e d  format ion  of naph tha lene  d u r i n g  
t h e  r e a c t i o n  f u r t h e r  s u p p o r t s  t h i s  view. 
Pe rhaps  t h e  g r e a t e s t  d i f f e r e n c e  between t h e  p r e s e n t  work and  more 
c o n v e n t i o n a l  work on h igher - rank  c o a l s  i s  t h e  impor t an t  r o l e  o f  t h e  
f u n c t i o n a l - g r o u p  oxygen.  The impor tance  o f  oxygen g r o u p s  i s  s t r e s s e d ,  
as  t h e  predominant  process d u r i n g  t h e  d i s s o l u t i o n  r e a c t i o n  w a s  t h e  
d e s t r u c t i o n  of f u n c t i o n a l  groups  w i t h i n  t h e  coal.  The r o l e  of  
oxygen i n  t h e  r e a c t i o n  w a s  n o t  c l e a r l y  d e f i n e d  by the p r e s e n t  work, 
b u t  qu inone  g r o u p s ,  f o r  example,  are t h o u g h t  t o  p l a y  a role i n  t h e  
l i q u e f a c t i o n  o f  high-oxygen-content c o a l s  (12), and t h e i r  e f f e c t i v e -  
n e s s  i n  t h e  f r e e  rad ica l  a b s t r a c t i o n  of hydrogen from hydrogen-donor 
compounds i s  w e l l  known ( 1 3 ) .  
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Figure 1: Infrared spectra for typical fractions and their p m u e  
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